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ABSTRACT 


Special  carbon-aluminum  deoxidation  practice  provided  a  significant 
increase  in  the  fatigue  properties  of  an  induction-melted  nickel -molybdenum 
hi^-strength  steel.  Prot  evaluation  of  cylindrical  R,  R.  Moore  fatigue 
specimens  gave  Ep/UTS  ratios  of  0.500  and  0.555  at  ultimate  tensile  strength 
levels  of  27h  and  200  ksi  respectively.  This  represented  a  marked  improve¬ 
ment  as  compared  to  standard  melting  techniques  and  commercial  high-strength 
steels  at  similar  strength  levels.  Vacuum  arc  and  vacuum  induction  remelting 
of  the  specially  deoxidized  material  reduced  the  fatigue  strength  to  lower 
values  than  that  characteristic  of  standard  melting  practice.  The  fatigue 
properties  of  vacuxim-melted  hign-purity  raw  materials  were  inferior  to  those 
prepared  by  induction  melting,  but  superior  to  the  remelting  approach.  The 
harmful  effect  of  silicon  additions  on  the  fatigue  properties  of  these  steels 
was  related  to  the  sequence  in  which  they  were  made;  the  damage  was  minimized 
by  adding  the  silicon  after  the  completion  of  the  aluminum  killing  treatment. 
Notched  nickel -molybdenum  steels  were  relatively  unaffected  by  notching,  and 
good  fatigue  strengths  were  obtained.  The  fatigue  data  did  not  appear  to 
correlate  with  melting  practice  on  the  basis  of  inclusion  content,  and  this  was 
more  evident  for  the  notched  investigation.  Nickel -molybdenum  steels  were 
prepared  by  standard  practice  and  special  carbon-aluminum  practice  and  tested 
in  axial  fatigue  in  the  notched  and  unnotched  conditions.  The  resultant 
scatter  was  too  great  to  indicate  any  definite  trends,  however.  A  tungsten- 
molybdenum  higji-strength  steel,  studied  previously  was  subjected  to  notched 
Prot  testing,  and  a  slight  degree  of  notch  sensitivity  was  found;  two  higher 
carbon  versions  of  this  steel  were  investigated  for  potential  high -temperature 
spring  applications  by  hot  tensile  and  stress-rupture  techniques. 
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STUDY  OP  THE  VPKT  OP  MELTIEQ  PRACTICE 
OR  THE  FiTIQUE  BffiATIDR  OP  BI(B-8TRaf01H  STEEL 

1.  SCOPE 


Rae«arch  iirrolTing  the  etivly  end  li^troeenent  of  the  fatigue  propertleB 
of  hls^HBtrength  eted  has  been  actlTely  carried  on  since  1  Decaaber  19$$, 
when  this  series  of  studies  was  initiated  at  the  Armowr  Research  Foundation. 
The  original  program,  VADC  Technical  Report  58-289,  was  concerned  with  the 
effects  of  melting  practice  and  inclusion  content  on  the  fatigue  properties 
of  AISI  li3U0  steel  heat-treated  to  260  to  280  ksi.  It  was  demonstrated  that 
melting  high-strength  steel  under  Tacuum  or  protective  atmosphere  resulted 
in  lii|)roved  fatigue  properties.  However,  the  most  promising  development 
involved  aLr-lnduction  melted  steel  initially  deoxidised  with  carbon  additions, 
rather  than  silicon,  and  finally  deoxidised  with  aluminum.  This  technique 
produced  a  steel  having  a  Prot  endurance  limit  to  tensile  strength  ratio  of 
0.55  and  a  constant  stress  endurance  limit  of  lii8  ksi.  Both  of  these  values 
represented  significant  advances. 

The  second  program  in  this  series,  WADC  Technical  Report  59-86,  was  con¬ 
cerned  with  isq>rovlng  fatigue  strength  hy  elevated  temperature  tempering. 
Microstress  relief  in  the  areas  adjacent  to  inclusions  was  suggested  as  a 
possible  mechanism  for  this  effect.  In  order  to  investigate  this  phenomenon, 
it  was  first  necessary  to  develop  tenper-resistant  steels  capable  of  pro¬ 
viding  ultimate  tensile  strengths  of  280  to  300  ksi  after  tempering  in  the 
1000*  to  1300*F  range.  Several  steels  related  to  two  basic  compositions  were 
prepared  which  appeared  to  offer  the  required  characteristics.  Hardness 
measurements  were  used  to  make  the  original  evaluation,  ^.d  promising  steels 
were  tested  more  thoroughly  with  respect  to  tensile  properties.  The  result 
of  this  program  was  the  development  of  two  classes  of  steels,  based  on  tung¬ 
sten-molybdenum  and  molybdenum-chroad.un,  capable  of  retaining  high  strength 
after  elevated  tesperature  tempering. 

The  third  program,  WADD  Technical  Report  60-120,  represented  the  logical 
conhlnatlon  of  the  approaches  carried  out  during  the  preceding  projects.  The 
first  aspect  of  this  research  involved  an  investigation  into  the  effect  of 
high-teo^rature  tempering  on  the  fatigue  properties  of  a  temper-resistant 
high-strength  steel,  and  a  suitable  tiuigsten'^wlybdenum  steel  was  selected 
for  this  work.  The  second  aspect  was  concerned  wi’Ui  the  application  of 
special  deoxidation  techniques  to  temper-resistant  steA.  Several  temper- 
resistant  oonq>ositions  were  prepared  in  this  manner  as  well  as  hy  standard 
induction  melting  practice.  Fatigue  tests  of  these  steels  clearly  indicated 
that  special  deoxidation  practice  contributed  to  a  very  significant  improve¬ 
ment  in  the  Prot  endurance  limit.  Under  coBQ>arable  conditions,  this  value 
was  increased  from  approximately  100  to  lUl  ksi.  A  Prot  endurance  limit  to 
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tensile  strength  ratio  of  0.6  was  developed  in  this  work  at  tensile  strengths 
in  the  230  to  2^0  ksi  range.  Melting  practice  appeared  to  play  a  much  greater 
role  in  determining  fatigue  strength  than  tempering  temperature.  However, 
there  was  some  additional  indication  that  Increasing  tempering  temperature 
cc'ntrlbuted  to  increased  fatigue  strength;  however,  this  cannot  yet  be  stated 
as  a  definite  conclusion. 

In  view  of  the  extreme  effect  of  melting  practice,  the  present  program 
was  directed  toward  an  investigation  of  a  variety  of  techniques,  including 
induction,  vacuum-induction,  and  vacuum-arc  melting.  Extraneous  variables 
were  minimized  through  the  utilization  of  a  single  series  of  alloy  steels  and 
treatments.  This  program  will  attempt  to  document  the  effect  of  melting  and 
deoxidation  practice  and,  consequently,  that  of  the  presence  of  nonmetallic 
Inclusions  on  the  fatigue  properties  of  an  ultra-high  strength  steel. 


II.  INTRODUCTION 


The  primary  objective  of  this  program  was  to  determine  the  effect  of 
melting  and  deoxidation  practice  on  the  Prot  endurance  limit  of  a  nickel- 
molybdenum  high  strength  steel.  A  wide  range  of  melting  techniques  was  inves¬ 
tigated  to  provide  various  inclusion  distributions.  Standard  induction  melt¬ 
ing,  special  carbon-aluminum  deoxidation,  and  consxinable  electrode  vacuum  arc 
remelting  techniques  were  included.  In  previoris  work,  silicon  was  not  used  as 
an  alloying  element.  In  this  instance,  in  deference  to  its  industrial  import¬ 
ance  silicon  was  added  at  different  stages  of  induction  melting  operations. 
Choaical  composition,  processing,  and  heat  treatment  were  held  constant  within 
the  limits  of  practicality  to  study  melting  practice  as  a  single  independent 
parameter.  Material  evaluation  was  accon^jlished  ty  R.  R.  Moore  Prot  fatigue 
testing  in  both  notched  and  unnotched  conditions.  Axial  fatigue  techniques 
were  also  used  to  investigate  this  material.  Standard  melting  practice  and 
the  special  carbon-alixmlnum  melting  technique  representing  both  notched  and 
unnotched  conditions  were  utilized  in  this  work. 

The  effect  of  notching  was  not  examined  during  previous  work.  Consequent¬ 
ly,  a  carbon-aluminum  deoxidized  heat  of  0.50  C,  2.00  V,  1.00  Mo,  and  0.50 
per  cent  V  steel  was  prepared  for  Prot  testing  in  the  notched  and  unnotched 
conditions.  This  steel  with  higher  carbon  contents  was  evaluated  for  poten¬ 
tial  high-teii?)erature  spring  applications  with  respect  to  hot  tensile  and 
stress -nqiture  properties. 
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III.  EIPERIMlirrAL  PROCEDUHE 


A.  Alloy  Selection 

An  alloy  sted  having  the  following  composition  was  selected  as  the  base 
material  for  investigating  the  effect  of  melting  practice: 

C  0.50 

Ni  2.00 
Mo  1.00 
Mn  0.050 

A  simple  conqposition  was  used  to  limit  the  number  of  variables  while  pro¬ 
viding  the  required  strength  level  (250  to  300  ksi  tensile  strength)  and 
sufficient  hardenabillty  to  harden  throughout  a  3/U  in.  diameter  cross  section 
:q)on  oil  quenching.  In  two  cases,  silicon  was  added  during  different  stages 
of  melting;  this  was  to  examine  its  effect  with  respect  to  inclusion  content 
rather  than  as  an  alloy  addition.  The  original  heats  were  melted  without 
manganese,  but  hot  shortness  was  indicated  during  forging.  The  manganese 
addition  remedied  this  situation  and  was  utilized  thereafter. 

One  of  the  tungsten-molybdenum  steels  (designated  DIO)  tested  during  the 
preceding  program  was  evaluated  with  respect  to  notched  Prot  fatigue  proper¬ 
ties.  The  high  ratio  of  Prot  endurance  limit  to  ultiaiate  tensile  strength 
(approximately  0.6)  noted  previously  dictated  its  choice  here.  The  ncMninal 
coD^sitlon  of  this  material  is  given  below. 

C  0J*5 

W  1.91 

Mo  1.02 

V  0.1il: 

Hn  0.81 

Two  higher  carbon  modifications  of  this  steel,  in  the  0.60  to  0.75  per  cent 
carbon  range,  were  selected  for  evaluation  as  elevated  tmaperature  spring 
materials . 


B.  Melting 

The  various  melting  techniques  used  during  this  program  are  listed  bdow. 

(1)  Induction  air  melting,  standard  deoxidation.  (2  Ib/ton  Al) 

(2)  Induction  air  melting,  C-Al  deoxidation. 

(3)  Induction  air  melting,  C-Al  deoxidation  with  a  0.30  per  cent 
Si  addition  before  Al  killing. 

(1:)  Induction  air  melting,  C-Al  deoxidation  with  a  0.30  per  cent 
Si  addition  after  Al  killing. 

(5)  Vacuum  arc  remelting  of  2. 

(6)  Vacuum  induction  remeltlng  of  2. 

(?)  Vacuum  are  melting  of  high-purity  raw  materials. 

(8)  Air  melting,  with  iron  oxide  and  ferrosillcon  additions. 
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In  item  1,  the  standard  practice  consisted  of  melting  down  Armco  iron  in  a 
UOO  lb  induction  furnace,  adding  the  alloy  elements,  and  con^letely  deoxLdl^g 
with  2  lb  of  aluminum  per  ton  of  steel.  All  of  the  Ingots  melted  in  the  induc¬ 
tion  furnace  were  poured  into  separable  steel  molds  having  a  ca9>aclty  of 
about  60  lb.  A  conventional  refractory  hot  top  was  used  in  conjvinction  with 
an  exothermic  compound  for  all  of  this  work. 

The  special  carbon-aluminum  deoxidized  melts  were  prepared  as  follows. 
Anaco  iron  was  mdted  down  in  a  UOO  lb  induction  furnace  and  the  oxygen  con¬ 
tent  reduced  with  high-carbon  cast  iron  (containing  approadmatdy  ii  per  cent 
carbon)  at  3000*  to  3200*F.  The  thermodynamic  tendency  for  carbon  to  reduce 
the  oxides  in  molten  iron  increases  with  increasing  tmnperature;  for  this 
reason  carbon  deoxidation  was  carried  out  at  high  temperatures.  After 
equilibrium  deoxidation  was  obtained,  sufficient  hl^-carbon  iron  was  added 
to  Increase  the  carbon  content  to  the  desired  level.  The  melt  tenqperature 
was  lowered,  and  the  alloy  additions  were  made.  To  minimize  the  presence  of 
silicate  inclusions,  no  silicon  was  used.  Final  deoxidation  was  acconqplished 
with  2  lb  of  aluminum  per  ton  just  prior  to  pouring. 

The  silicon  techniques,  items  3  and  U>  illustrate  two  procedures  for 
determining  the  effect  of  silicon.  In  No.  3>  the  silicon  was  added  with  the 
alloy  additions,  and  since  the  bath  had  been  only  partially  deoxidized  (with 
carbon)  it  would  be  expected  to  provide  silicates  as  well  as  silicon  in  solid 
solution.  In  No.  the  silicon  was  added  after  completely-  deoxidizing  the 
bath  with  alundnuffl  in  an  attempt  to  obtain  a  silicon-bearing  steel  with  a 
minimum  of  silicate  inclusions.  This  was  considered  important,  since  silicon, 
in  varying  amounts,  is  an  alloy  constituent  of  a  majori^  of  the  hi^-strenglh 
steel  alloys. 

In  vacuum  arc  remeltlng,  a  earbon-aliuninom  deoxidized  ingot  was  used  as 
an  electrode  in  the  consumable  arc  vacuum  mel-ting  technique.  This  ingot  was 
processed  twicej  and  typical  melting  conditions  were  as  follrwst 

CuiTent  3500  anqps 

Vacuum  3**l50  microns 

The  maximum  -vacuum  was  obtained  prior  to  melting,  and  full  pumping  capacity 
was  continued  during  the  entire  sequoice  -bo  main-tain  the  "hardest ^  dynamic 
vacuum  possible.  A  U  in.  crucible  was  used  for  melting,  and  Ingots  weighing 
15  to  25  lb  were  produced.  The  hi^  temperatures  inherent  in  this  process 
were  expected  to  promote  the  reduction  of  nonmetalllc  oxides  by  carbon  as 
described  above.  An  additional  advantage  in  this  instance  was  the  presence 
of  a  dynamic  vacuum  during  melting  to  remove  -the  gaseous  carbon-oxygen  reduc¬ 
tion  products. 

A  laboratory  scale  vacuum  induction  furnace  was  used  to  rmnelt  the 
carbon-aluminum  deoxidised  ingots.  This  unit  has  a  rather  small  capacity 
(15  to  20  lb),  and  the  original  ingot  had  to  be  cut  into  two  pieces.  The 
charges  were  melted,  heated  to  a  pouring  temperature  of  2800*  to  3000*F,  and 
poured  while  in  the  vacuum  chamber.  A  sand  hot  top  was  utilized  during 
solidification  as  this  was  the  only  -type  available  for  this  ingot  size. 

During  this  operation  -the  vacuum  ranged  from  10  to  200  microns.  This  operation 


h 


was  Included  primarily  to  effect  degassing,  as  no  significant  degree  of 
oxide  reduction  could  be  expected  under  these  circumstances. 

The  raw  material  sources  for  vacuum  arc  melting  (item  No.  7)  were  as 
follows: 


Approximate 

Material  Source  Purity,  per  cent 

Electrolytic  iron  Crane  Co.,  Metals  Division  99*92 

Electrolytic  manganese  Union  Carbide  Metal  Co.  99-90 

Nickel  shot  International  Nickel  Co.  99.96 

Molybdenxm  metal  Wah  Chang  Corporation  99.90 

The  electrolytic  iron  was  carburized  commercially  to  a  carbon  level  of  0.80 
to  0.90  per  cent,  after  which  it  was  crushed  to  l/h  in.  pieces  and  pickled 
in  a  ^0  per  cent  HCl  solution.  This  was  mixed  with  the  pure  iron  to  adjust 
the  carbon  content.  Nickel  and  manganese  were  added  to  the  mdt  in  the 
as-received  form  while  molybdenum  was  used  in  the  form  of  a  $0  per  cent  iron- 
molybdenvun  master  alloy.  Nonconsumable  melting  was  performed  in  a  U  in. 
crucible  with  a  tungsten  electrode  imder  a  protective  atmosphere  of  argon  gas. 
The  resulting  ingot  was  then  used  as  an  electrode  for  further  processing,  and 
two  vacuum  consumable  arc  reoielting  operations  were  carried  out  as  described 
above. 

Iron  oxide  and  silicon  dioxide  were  axlded  during  air  induction  melting 
(item  No.  8)  to  attain  a  high  concentration  of  silicate  inclusions.  After 
melting  down  Armco  iron,  the  alloying  elements  except  carbon— including,  in 
this  instance,  0.50  per  cent  silicon— ifere  added;  the  melt  was  hdd  at  3000* 
to  3200*F  to  increase  the  degree  cf  oxidation.  Following  this,  the  melt 
tenperature  was  lowered  and  the  carbon-bearing  iron  was  added.  The  operation 
was  conpleted  by  applying  standard  deoxidation  practice  (2  lb  aluminum  per 
ton  of  steel),  and  the  heat  was  poured  in  the  \isual  manner. 

Another  set  of  materials  was  prepared  for  this  program.  This  consisted 
of  a  0.50  per  cent  carbon,  tungsten-molybdenum  steel  for  studying  notched 
properties;  two  higher  carbon  steels  having  the  same  base  composition  were 
also  made  up  for  investigating  elevated  temperature  tensile  and  stress- 
zo^ture  properties.  These  steels  were  melted  with  the  special  carbon-aluminum 
deoxidation  technique  as  described  previously. 


C.  Hot  Working 

The  Induction  melted  steels  were  hot  forged  from  an  ingot  size  of  about 
U  in.  in  diameter  by  13  in.  long  to  3 A  to  1  in.  rounds.  The  vacuum  arc- 
melted  steel  was  hot  forged  into  3 A  in.  rods  from  U  in.  diameter  by  8  to 
li:  in.  long  ingots.  The  vacuum  induction  melted  Ingots  were  tapered  having  a 
diameter  range  of  2  to  3  in.  across  an  8  in.  length,  and  were  also  hot  forged 
into  3A  in.  round  stock.  A  forging  ten;>erature  of  1800*  to  2000*F  was 
utilized  for  all  forging  operations. 
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D.  Machining  and  Heat  Treatraent 


The  fatigue  bars  vere  rough  machined  and,  after  heat  treatment, 
finished  by  grinding  and  longitudinal  polishing.  Austenitizing  operations 
were  carried  out  in  an  Inconel  muffle  containing  an  argon  atmosphere  to 
prevent  oxidation  and  decarburization.  Hardening  was  obtained  by  oil 
quenching.  All  tempering  operations  were  performed  in  air,  followed  by  air 
cooling. 

Cylindrical  R.  R.  Moore  fatigue  bars,  shown  in  Figure  1,  were  used  for 
testing.  Notched  fatigue  bars  had  a  similar  configuration  except  that  the 
gage  diameter  was  0»2$0  in.  A  60*  notch  (included  angle)  was  used  with  a 
notch  radius  of  0.012  in*;  the  notched  gage  diameter  was  0.200  in.  Prelimln-* 
ary  tensile  data  on  nickel -molybdenum  steel  were  determined  with  rolled  sheet 
specimens.  These  samples  were  pin  loaded  and  had  a  gage  cross  section  of 
about  0.375  in.  by  0.080  in. 

A  button-end  cylindrical  specimen  type  selected  by  ASD  was  used  for 
axial  fatigue  testing.  The  over-all  specimen  length  was  U  l/2  in.  The 
minimum  smooth  cross-section  diameter  was  0.200  in.  for  the  unnotched  speci¬ 
men,  and  0.270  in.  for  the  notched  specimen.  In  the  latter  case  a  60*  notch 
having  a  0.030  in.  radius  was  used,  and  the  cross-sectional  diameter  under 
the  notch  was  0.200  in.  Standard  techniques  were  used  to  prepare  conven¬ 
tional  round  room  temperature,  hot  tensile,  and  stress -rupture  specimens  from 
the  hi^-carbon  tungsten^nolybdenum  steels  for  elevated  temperature  studies. 


E.  Testing  Procedure 

Fatigue  testing  was  limited  to  the  Prot  method,  in  which  the  motor 
driving  the  specimen  was  also  used  to  drive  a  variable  gear  train  terminating 
in  an  accurately  calibrated  spring  balance.  The  spring  balance  was  directly 
connected  to  the  specimen-loading  system,  and  a  rider  showed  the  breaking 
load  on  the  balance.  It  was  possible  to  maintain  very  accurate  and  constant 
loading  rates  with  this  system.  The  Prot  testing  apparatus  employed  a  motor 
running  at  10,000  rpm.  Prior  to  testing,  the  specimens  were  cleaned  of  oil 
wiping  with  a  soft  tissue  soaked  in  acetone.  The  eccentricity  of  selected 
specimens  was  checked  in  the  housings,  and  readjustments  in  seating  were  made 
until  the  total  eccentricity  was  less  than  0.003  in.  The  starting  stresses 
used  for  Prot  testing  were  ij2  ksi  and  76  ksi  for  notched  and  unnotched 
fatigue  specimens,  respectively.  The  axial  fatigue  testing  study  was  carried 
out  at  ASD  using  standard  techniques. 

Preliminary  sheet  tensile  data  on  fatigue  materials  were  obtained  in 
•ttie  normal  manner.  Tensile  data  on  the  finished  material  were  determined  on 
randomly  selected  fatigue  bars.  This  was  done  to  establish  meaningful  values 
of  the  ultimate  tensile  strength;  the  yield  strength  could  not  be  measured  by 
til  is  method,  however. 

Standard  techniques  were  used  to  determine  the  room  and  elevated  ten^jer- 
ature  tensile  properties  and  the  stress-rupture  characteristics  of  two  hi^- 
carbon  tungsten-molybdenum  steels. 
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IV.  RESULTS 


A.  Chemical  Composition 

The  analyses  of  the  steel  alloys  studied  in  this  program  are  shown  in 
Table  I.  The  melting  practice  used  for  each  steel  is  indicated  in  the  Table. 


B.  Tensile  Data 

Preliminary  sheet  tensile  data  on  fatigue  material  steels  are  given  in 
Table  II.  These  results  were  included  to  indicate  the  yield  strength  level 
of  this  steel  alloy  series.  Fatigue  bar  tensile  data  appear  in  Table  III. 
The  room  tenperature  tensile,  hot  tensile,  and  stress-rupture  data  relating 
to  the  tungsten-molybdenum  steels  are  given  in  Tables  IF,  V,  and  VI.  The 
stress -rupture  data  are  shown  graphically  in  Figure  2. 


C.  Fatigue  Data 

The  fatigue  data  are  presented  in  complete  form  in  Appendix  I,  Tables  XIV 
through  XXVI.  A  graphical  summary  of  these  results  appears  in  Figure  3*  The 
Prot  endurance  limits  were  determined  by  inserting  the  average  failure  stress 
and  square  root  of  the  rate  values  into  the  two-point  straight-line  equation 
and  solving  for  the  failure  stress  at  zero  rate.  Figures  2$  through  37 
illustrate  this  approach;  however,  the  actual  values  were  calculated  math¬ 
ematically  as  described  above. 

Table  VII  svunraarizes  the  results  of  the  fatigue  stutjy  in  terms  of  the 
Prot  endurance  limit  to  ultimate  tensile  strength  ratio  (Ep/UTS).  In  the 
case  of  notched  specimens  twice  the  Prot  endurance  limit  is  used  to  describe 
the  data  (2Bpn/UTS).  Figure  U  illustrates  the  effect  of  tempering  temperature 
on  the  fatigue  properties  of  the  nickel molybdenum  steel  series.  Typical 
microstructures  of  these  steels  are  shown  in  Figures  $  through  2U.  The  axial 
fatigue  data  determined  for  nickel-molybdenum  steels  at  ASD  are  presented  in 
Tables  VIII  and  XI. 


V.  DISCUSSION 


The  effect  of  melting  practice  on  fatigue  properties  is  illustrated  in 
Table  X.  This  Table  shows  the  data  for  nickel-molybdenvim  steels  having 
ultimate  tensile  strengths  in  the  27U  to  303  ksi  range.  The  most  fatigue- 
resistant  material  was  provided  by  carbon-aluminum  deoxidation  practice.  The 
efficacy  of  this  technique  is  suggested  by  previous  work  in  this  area  (WADC 
Technical  Reports  $8-289,  September  19$8,  and  60-120,  June  I960) .  An  extensive 
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range  of  %)/nTS  values  was  exhibited  by  these  materials.  The  upper  limit  of 
0.^00,  characteristic  of  carbon-aluminum  deoxidation,  represents  ultra-high 
fatigue  strength.  The  lowest  value,  0.328,  provided  by  adding  0.30  per  cent 
silicon  to  a  carbon-aluminum  deoxidized  melt,  is  less  than  would  be  expected 
of  commercial  high-strength  steels.  The  relative  position  of  the  remaining 
alloys  is  not  easily  explained,  however.  According  to  earlier  research, 
fatigue  strength  could  be  related  to  the  presence  of  nonmetallic  inclusions, 
especially  the  larger  ones.  This  correlation  does  not  appear  to  apply  in  the 
ease  of  the  current  steel  series. 

R^resentative  metallographic  samples  of  all  tested  materials  were 
examined  carefully  (Figures  $  through  13)*  This  series  of  photomicrographs 
illustrates  inclusions  characteristic  of  the  various  materials.  It  does  not 
necessazlly  reflect  either  the  average  inclusion  size  or  total  content, 
however.  A  more  accurate  estimate  of  total  inclusion  content  and  distri¬ 
bution  can  be  obtained  at  lower  magnification,  and  this  is  presented  in 
Figures  ll*  through  22.  Those  steels  can  be  broken  down  into  three  groups  on 
the  basis  of  total  inclusion  content.  The  first,  or  clean,  group  consists 
solely  of  steel  RFC;  this  steel  was  prepared  firom  hlgh-purlty  raw  materials 
by  the  consumable  electrode  arc-melting  process  and  would  be  expected  to  be 
relatively  free  of  inclusions.  The  second  group  nd^t  be  described  as 
moderately  clean  and  includes  steels  U,  J,  1,  2A,  H,  and  3*  Steel  2B  was  not 
examined  in  view  of  its  similarity  to  2A.  Almina,  sulfide,  and  oxide  and/or 
silicate  Inclusions  were  present  in  all  samples  of  this  group;  the  concentra¬ 
tion  of  sulfides  was  considerably  higher  in  alloys  J  and  H.  ^e  final  group 
was  considered  dirty,  and  was  made  of  steels  DU  and  DIOB. 

The  relative  cleanliness  was  not  indicated  by  conventional  chesdcal 
analysis.  The  phosphorous  content  wl-Ui  one  exception  was  less  than  0.015 
per  cent  which  is  generally  taken  as  an  acceptable  value  for  high-quality 
steel.  The  amount  of  sulfur  was  higher,  ranging  from  0.015  to  0.022  per  cent, 
except  the  RFC  percentage  of  0.010.  The  silicon  content  in  the  instances 
where  it  was  not  added  intentionally  was  the  same  order  of  magnitude  as  that 
of  sulfxir,  varying  from  0.01  to  0.02  per  cent  with  the  exception  of  steel  1, 
which  indicated  0.13  per  cent.  The  effect  of  this  higher  silicon  content  was 
not  evident.  A  variation  in  the  remaining  constituents  (carbon,  nickel,  and 
molybdenum)  would  not  be  expected  to  exert  a  profound  influence  on  cleanli¬ 
ness. 


The  relatively  low  Bp/UTS  ratio  of  the  consumable  electrode-pure  raw 
material  heat  (RFC)  is  of  particular  significance.  Although  this  was  the 
cleanest  steel  of  the  grotqi,  this  was  not  reflected  in  fatigue  performance. 
Air  melting  and  standard  deoxidation  practice  produced  a  more  fatigue- 
resistant  material  than  RFC  even  with  more  nonmetallics  present  in  the  micro¬ 
structure.  Steel  DIO  studied  previously  was  prepared  by  air  melting  and 
carbon-aluminum  deoxidation  practice.  This  resulted  in  a  "dirtier"  heat  than 
any  of  the  current  alloys  (Figures  23  and  2h)  with  respect  to  total  inclusion 
content,  yet  an  Ep/UTS  ratio  of  about  0.6  was  obtained  for  this  steel  at  a 
tensile  strength  of  235  ksl.  At  a  strength  level  coii^arable  to  RFC,  an  alloy 
DIO  type  gave  an  ^/UTS  ratio  of  0.5l5«  These  differences  in  fatigue  proper¬ 
ties  cannot  be  e3q>lained  on  the  basis  of  metallic  aspects  of  the  microstruc- 
ture.  All  of  the  materials  under  consideration  proved  to  eidiiblt  a  normal 
quenched  and  tenqpered  martensitic  structure.  Although  some  banding  was  noted. 
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there  was  nothing  to  suggest  any  significant  difference  in  fatigue  perform¬ 
ance.  The  representative  grain  size  range  extended  from  about  iiSTM  No.  6  to 
No.  7^  and  this  degree  of  variation  was  not  considered  important. 

The  carbon-aluminum  deoxidation  practice  appears  to  make  a  substantial 
contribution  to  fatigue  propertias,  ^though  its  exact  function  is  unclear. 
This  effect  appears  to  be  reduced  substantially  when  either  consumable  elec¬ 
trode  vacuiun  arc  or  vacuum  induction  remelting  operations  are  applied  after¬ 
wards.  A  new  and  different  set  of  equilibrium  conditions  was  established 
during  remelting,  and  this  may  explain  the  differences  noted.  Vacuvim  induc¬ 
tion  reneltlng  was  the  more  damaging  of  the  two  techniques.  Arc  remelting 
would  be  expected  to  yield  a  cleaner  product  as  the  higher  arc  temperatures 
would  tend  to  promote  greater  oxide  reduction  thrcu^  reaction  with  the 
carbon.  The  major  benefit  of  vacuum  induction  remelting  would  be  associated 
with  a  lowering  of  the  gas  content,  altiiou^  some  degree  of  oxide  reduction 
might  occur.  In  practice,  no  benefits  were  obtained  from  remelting,  however, 
as  both  processes  resulted  in  reduced  fatigue  strength. 

The  nickel -molybdenum  steel  used  was  a  single  composition  never  examined 
previously,  and  relatively  high  Prot  fatigue  values  were  obtained  from  this 
material  prepared  by  standard  deoxidation  practice.  The  chonical  con^osltion 
is  of  considerable  interest  in  this  work.  During  the  previous  program,  the 
highest  Ep/UTS  ratio  for  standard  melting  conditions,  O.U3ii>  was  obtained  on 
a  tungsten-molybdenum  steel  tempered  at  850*F  having  a  tensile  strength  of 
259  ksi.  (This  alloy  was  designated  BB-X  and  was  similar  in  composition  to 
DIOB.)  In  this  instance,  steel  1,  melted  in  an  analogous  manner  and  tendered 
at  U50^>  had  an  WUTS  ratio  of  O.UUO  with  a  tensile  strength  of  202  ksi. 
This  is  a  rather  high  value  for  this  condition  as  conpared  to  commercial 
AISI  U3U0,  for  example;  it  suggests  that  the  composition  of  the  basic  steel 
alloy  may  have  influenced  or  masked  seme  of  the  effects  of  melting  practice. 

The  consequence  of  silicon  additions  seemed  equally  complex.  Silicon 
added  after  aluminum  killing,  in  conjunction  with  car bon -aluminum  deoxidation, 
had  a  less  deleterious  effect  than  the  same  addition  made  at  the  same  time  as 
the  major  alloy  constituents.  However,  an  air-melted  heat  was  prepared  with 
iron  oxide  and  f errosilicon  additions  in  an  effort  to  promote  the  formation 
of  silicates.  A  high  silicon  content  (steel  DU,  0.73  per  cent)  and  a 
relatively  dirty  microstructure  resulted  from  this  treatment.  The  Bp/tlTS 
ratio  was  greater  than  for  normal  silicon  addition  prior  to  aluminxim  killing, 
however.  The  presence  of  silicon,  as  well  as  its  distribution  in  the  micro- 
structure,  is  significant,  although  the  relationships  involved  cannot  be 
conpletd-y  described.  It  appears,  however,  that  any  benefit  silicon  might 
contribute  as  an  alloy  addition,  even  under  the  most  favorable  circunstancee, 
is  more  than  overshadowed  the  haxmful  effects  of  silicon-bearing  non- 
metallics. 

Two  nickel-molybdenum  steels  were  studied  in  both  the  notched  and 
unnotched  condition,  and  these  results  are  summarized  in  Table  XI.  The 
2Epn/Ep  ratio  is  a  standard  method  for  coirparing  notched  and  unnotched  prop¬ 
erties  and  the  carbon-aluminum  specimens  (2A  and  2B)  gave  a  2^m/Bip  ratio  of 
0.907,  while  the  material  melted  with  iron  oxide  and  ferrosilicon  additions 
(DU)  yielded  a  1.058  value  for  the  same  ratio.  A  value  of  1.00  is  generally 
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taken  to  indicate  good  notched  properties^  and  wn  this  basis  these  steels  were 
relatively  insensitive  to  notching.  Although  both  values  were  relatively 
high,  the  dirtier  steel,  DD,  had  a  higher  ratio.  These  results  may  reflect 
the  large  number  of  notches,  resulting  from  inclusions,  in  the  DU  steels, 
especially  as  the  2k  and  2B  materials  had  significantly  higher  Ep/tlTS  and 
2E^nATS  ratios. 

Axial  fatigue  techniques  were  also  used  to  evaluate  nickel -molybdenum 
steels  1  and  2B  in  the  notched  and  unnotched  condition.  Only  a  limited 
number  of  specimens  were  available,  and  the  data  scatter  was  too  great  to 
permit  quantitative  comparisons  of  such  effects  of  melting  practice  on 
notching. 

The  DlOB  specimens  were  prepared  to  determine  the  notch  sensitivity  of 
tungsten-molybdenum  steels.  During  the  previous  program  this  composition 
(steel  DIO)  showed  excellent  fatigue  behavior  in  the  unnotched  condition. 
Chemical  analyses  and  pertinent  data  are  given  in  Table  ZII.  The  2Epn/%) 
ratio  representing  a  122^ *P  tender  gives  a  value  of  0.930  at  a  23^  ksi 
strength  level,  indicating  a  slight  degree  of  notch  sensitlvi'ty.  The  carbon 
content  is  significantly  higher  in  the  current  alloy,  0.52  as  con5>ared  to 
0.U5  per  cent  in  the  oxdglnal.  There  are  not  sufficient  data  to  draw  a 
definite  conclusion  regarding  the  effect  of  carbon,  but  previous  work  has 
indicated  that  higher  carbon  contents  tend  to  decrease  the  1^/UTS  ratio. 
Consequently,  a  con^aiison  of  notched  and  unnotched  properties  at  a  similar 
carbon  level  ml^t  yield  a  2Epn/Bp  ratio  closer  to  1.00. 

Steel  DlOB  was  also  tested  after  tenqpering  at  1050*F.  A  lower  tempering 
temperature  was  included  to  avoid  the  peak  aging  range  (1100*  to  ll50*P)j  this 
resulted  in  a  hi^er  ultimate  tensile  strength  and  a  slightly  improved  elonga¬ 
tion  (Table  7II) .  The  Prot  endurance  limit  was  raised  markedly  by  this  treat¬ 
ment,  but  the  corresponding  increase  in  tensile  strength  caused  a  slight  reduc¬ 
tion  in  the  2%)n/UTS  ratio. 

A  sunnary  of  the  standard  deviations  of  the  Prot  fracture  stress  data  for 
both  high  and  low  loading  rates  is  given  in  Table  XIU.  The  notched  specimens 
demonstrated  markedly  lower  standard  deviations  than  their  unnotched  counter¬ 
parts.  This  is  the  normal  occurrence  in  fatigue  testing  and  indicates  that 
the  presence  of  a  notch  has  a  greater  effect  on  the  scatter  than  any  of  the 
other  variables.  There  does  not  appear  to  be  any  correlation  between  the 
unnotched  deviations  and  either  melting  practice  or  fatigue  strength,  and  this 
follows  the  general  trend  of  the  data  obtained  throughout  this  program. 

The  relationship  between  tempering  temperature  and  fatigue  strength  was 
not  uniquely  defined  in  previous  work,  and  this  situation  was  not  clarified 
definitively  during  the  present  program.  Carbon-aluminum  deoxidized  material 
(steel  2A)  was  tempered  at  1000*  as  well  as  U50*F.  An  appreciable  improve¬ 
ment  in  the  Bp/UTS  ratio  resulted,  increasing  from  0,500  to  0.555»  The  over¬ 
all  data  relating  tampering  temperature  and  fatigue  properties  (Figure  U) 
indicate  that  the  Prot  endurance  limit  is  not  affected  to  any  appreciable 
extent.  The  Ep/UTS  and  2]^n/^  ratios  increase  with  increasing  tempering 
temperature;  however,  this  seems  to  be  a  direct  function  of  the  decrease  in 
ultimate  tensile  strength  with  Increasing  tempering  ten^erature.  If  fatigue 
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strength  is  evaluated  solely  on  the  basis  of  the  Bp/tJTS  ratios,  thai 
increasing  tempering  temperature  appears  to  have  a  beneficial  effect.  The 
current  data  are  not  sufficient  to  establish  a  more  valid  relationship, 
however. 

The  higher  carbon  versions  of  the  DlOB  type  tungsten-nolybdenum  steel 
indicated  high  tensile  and  yield  strengths  with  relatively  low  elongation 
values  on  room-temperature  testing.  Austenitizing  temperatures  of  1950*  and 
2050*F  were  utilized  for  hot  tensile  studies  and  the  higher  temperature  treat¬ 
ment  provided  higher  strengths  and  lower  elongations.  On  the  basis  of  pre¬ 
vious  experience,  2050*  and  2200*F  were  selected  for  austenitizing  the  hot 
tensile  specimens  as  the  resistance  to  softening  in  these  steels  increases 
with  increasing  austenitizing  temperature.  The  hot  tensile  data  at  700*  and 
900*F  tended  to  show  the  strengthening  effect  of  higher  austenitizing  tenpera- 
ture  for  both  steels  S-6  and  S-8,  and  the  elongation  values  were  corresponding¬ 
ly  lowered  by  the  higher  temperature  treatment.  Approximate  values  were 
obtained  for  the  modulus  of  elasticity  at  room  and  elevated  temperatures  as 
shown  below. 


Modulus  of  ELasticlty,  Test  Temperature, 

_ 1000  ksi _  _ 2 _ 

31-33  72  (RT) 

25-27  700 

22-2li  900 

These  data  were  obtained  during  the  tensile  testing  of  the  S-6  and  S-8  steels. 
The  individual  steel  data  were  not  considered  separately,  as  this  presentation 
clearly  indicated  the  effect  of  tenperature  on  the  elastic  modulus. 

The  stress-rupture  specimens  were  austenitized  at  2050*F  to  obtain  higher 
ductility  and  double  tempered  at  1050*P,  well  above  the  test  tenperature.  The 
stress -rupture  data  indicated  the  presence  of  notch  sensitivity,  which  was 
evident  by  failures  in  the  threaded  sections  as  the  time  at  temperature 
increased.  This  behavior  was  related  to  previously  noted  aging  behavior  in 
the  tempering  range.  While  this  generally  occurred  at  higher  temperatures, 
apparently  extended  time  at  lower  tenperatures  can  produce  a  similar  effect. 

The  over-all  differences  in  composition  between  steel  S-6  and  S-8  were 
too  great  to  permit  an  accurate  evaluation  of  the  effect  of  carbon  content. 
Carbon  would  be  e3q)ected  to  exert  a  larger  effect  than  the  other  alloy 
elements,  however;  and  on  this  basis  the  increase  in  carbon  content  from 
0.62  to  0,73  per  cent  did  not  have  a  significant  effect  on  either  hot  tensile 
or  stress -rupture  properties. 
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VI.  SUMMARY 


The  effect  of  neltlng  practice  on  the  Fret  fatigue  properties  of  a 
nlckel-nolybdenum  high-strength  steel  was  Investigated.  Various  preparatory 
techniques  were  utilised  involving  induction  melting  In  air  with  standard  and 
special  carbon-alundnum  deoxidation  techniques,  vacuum  arc  and  vacuum  induc¬ 
tion  remeltlng  of  specially  deoxidized  material,  and  vacuum  arc  melting  of 
hl^-purlty  raw  materials.  Further  studies  Included  the  consequence  of 
silicon  additions,  before  and  after  aluminum  killing,  as  applied  to  special 
carbon-alundnum  deoxidation  practice,  and  silicate-bearing  steel  prepared  by 
adding  iron  oxide  and  silicon  dioxide  during  conventional  air  Induction 
melting. 

The  experimental  ingots^  vajying  from  1$  to  60  lb  were  hot  forged  into 
3A  in.  rounds,  and  machined  Into  notched  and  unnotched  cylindrical  R.  R.  Moore 
fatigue  bars.  These  specimens  were  austenitised  at  1525*?,  oil  quenched,  and 
with  one  exception  tempered  at  U50  to  600 *F  to  develop  ultimate  tensile 
strengths  In  the  250  to  300  ksi  range.  The  exception  was  tempered  at  1000*F 
to  deterndno  fatigue  properties  at  a  lower  tensile  strength  level.  The  Prot 
accelerated  technique  was  used  throughout  this  program.  These  results  shewed 
that  the  special  carbon-alumlnuffl  deoxidation  practice  was  the  most  affective 
in  raising  the  fracture  stress  level,  and  Bp/UTS  ratios  of  0.500  and  0.555 
were  detezmined  at  tensile  strength  levels  of  27h  and  200  ksi,  respectively; 
these  values  represait  a  considerable  Improvement  over  commez^lal  high-straigth 
steels  at  comparable  strength  levels.  tXl  of  the  remaining  techniques  were 
inferior  to  air  melting  with  standard  deoxidation  practice,  including  vacuum 
arc  melting  of  pure  raw  materials.  Remeltlng  specially  deoxidized  material  ty 
vacuum  arc  and  vacuum  induction  processes  resulted  in  a  significant  loss  of 
fatigue  strength.  The  effect  of  silicon  additions  was  d^endent  upon  the 
manner  in  which  it  was  added;  a  0.30  per  cent  silicon  addition  after  the 
aluminum  killing  sequence  was  far  less  damaging  than  a  similar  addition  prior 
to  killing. 

Notched  Prot  evaluations  were  made  of  two  nickel -raolybdeniin  steels,  and 
one  tungsten-molybdenum  steel  which  was  studied  in  the  unnotched  condition 
during  the  previous  program.  Notching  had  little  effect  on  the  nickel- 
molybdenum  steels— one  prepared  ly  carbon-aluminum  deoxidation  practice  and 
the  other  a  high-silicon  steel  made  with  iron  oxide  and  silicon  dioxide 
additions— based  on  25pn/l^  ratios  of  approximately  1.00.  These  data  indicate 
that  the  effect  of  melting  practice  is  far  less  significant  in  the  case  of 
notched  fatigue  specimens.  The  carbon-aluminum  deoxidized  tungsten -molybdenun 
steel  was  slightly  notch  sensitive  giving  a  2^pa/Ep  ratio  of  0.830  at  a 
235  ksi  tensile  strength  level. 

The  elevated  tanperature  properties  of  two  DIO  type  tungsten-molybdemm 
steels  containing  0.73  and  0.62  per  cent  carbon  were  investigated.  Satisfac¬ 
tory  tensile  properties  were  obtained  at  tenperatures  of  700*  and  900*P,  and 
the  difference  in  carbon  content  between  the  two  steels  did  not  have  a  sig¬ 
nificant  effect  on  elevated  tenperature  behavior.  The  elastic  modulus 
decreased  from  31  to  33  million  psi  at  room  temperature  to  25  to  27  million  psi 
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at  700*F  and  22  to  2b  million  psi  at  900*P.  Stress  rapture  tests  were  per- 
fomed  at  900*F,  and  both  steels  demonstrated  the  effects  of  notch  sensttivi* 
ty  with  increasing  tine  at  tttqperature. 


vn.  CONCLUSIONS 


A.  Effect  of  Helting  Practice 

Special  carbon-aluminum  deoxidation  practice  implied  to  induction-air 
melted  silicon-free  steel  prorided  a  substantial  increase  in  fatigue 
strength  as  compared  to  standard  indxiction  melting  techniques.  At  strength 
levels  of  27b  and  200  ksi,  %>^JTS  ratios  of  0*500  and  0.555i  respeotivtiy, 
were  determined;  this  represents  a  significant  i]if>rovenent  over  comercial 
steels  of  similar  tensile  strength.  Vacuim  arc  and  vacuum  induction  ranelting 
of  the  specially  deoxidized  steel  had  an  adverse  effect  on  fatigue  proper¬ 
ties  and  these  techniques  proved  to  be  inferior  to  conventional  practice. 
Hi^-purity  raw  materials  subjected  to  consumable  electrode  vacuum  arc  melting 
operations  produced  higher  fatigue  strengths  than  the  renelted  steels,  but 
lower  than  those  prepared  by  induction  melting.  There  was  no  aq>parent 
cox*relaticn  between  Prot  fatigue  properties  and  cleanliness  based  on  either 
total  inclusion  content  or  the  distribution  of  inclusion  sizes*  The  carbon- 
aluminum  deoxidation  process  made  the  most  outstanding  contribution  to 
inqiroving  fatigue  properties  at  high  strength  levels,  and  this  effect 
outweighed  cleanliness  or  any  other  consequence  of  melting. 


B.  Notched  Properties 

Nickel-nolybdenum  steels  prepared  by  carbon-aluminum  deoxidation  and  a 
silleate-fomlng  technique  were  shown  to  have  good  notched  propertiee  on  the 
basis  of  2Epn/^  ratios  of  approximately  1*00.  Notched  fatigue  strength 
appeared  to  be  independent  of  melting  practice  and  Inclusion  content  and  dis¬ 
tribution,  suggesting  that  these  factors  were  only  of  secondaxy  importance 
in  the  presence  of  a  notch. 

The  notched  properties  of  a  tungsten -molybdenum  steel,  analogous  to 
materials  investigated  in  the  unnotched  condition  during  the  previous  pro- 
gran,  indicated  a  minor  degree  of  notch  smsitivity*  At  a  similar  tempering 
temperature,  a  2^p^Ep  ratio  of  0*830  was  obtained;  the  actual  values 

were  117  and  ibl  ksl,  for  the  notched  and  unnotched  materials,  respectively. 
At  a  lower  tempering  tenperature,  1050 *F,  the  21m  value  Increased  to  132  ksi. 
Indicating  a  probable  decrease  in  notch  sensitivity  in  this  region. 
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Effect  of  Silicon 


Tentatively,  the  results  of  this  work  indicate  that  silicon  tends  to 
ave  a  detrimental  effect  on  fatigue  strength.  The  manner  in  vhich  silicon 
as  introduced  was  of  considerable  importance,  and  the  best  technique  con- 
isted  of  adding  the  silicon  after  the  aluminum  killing  sequence  in  preparing 
.  carbon-aluminvmi  deoxidised  heat.  The  presence  of  silicon  in  the  metallic 
hasee  of  the  structure  did  not  have  any  noticeable  results,  and  the  over-all 
ffect  suggests  the  complete  absence  of  silicon  for  optimum  fatigue  proper- 
ies. 


.  Effect  of  Tempering  Teoqjerature 

Increasing  tempering  temperature  caused  a  corresponding  increase  in  the 
)p/vrS  ratios  of  nickel-molybdenum  steel  alloys.  This  effect  appeared  to  be 
ore  closely  related  to  the  decrease  in  ultimate  tensile  strength  than  any 
ncrease  in  the  Prot  endurance  limit,  however. 


S.  Elevated  Temperature  Properties  of  Tungsten-Molybdentan  Steels 

Satisfactory  tensile  behavior  was  noted  in  the  700*  to  900*F  range  for 
.wo  hl^-carbon  tungsten^molybdenum  steels.  Hot  tensile  properties  appeared 
43  be  unaffected  by  carbon  content  in  the  0«62  to  0*72  per  cent  region. 
Elastic  modulus  vtdues  of  25  to  27  million  and  22  to  2h  million  psi  were 
leasxired  at  700*  and  900*F,  respectiv^y.  Both  steels  indicated  notch- 
ensitive  behavior  during  stress -rupture  testir^  at  900*F  with  increasing 
,irae  at  tenperature. 
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TABLE  I 


COMPOSITION  OF  QPKIMOITAL  STEELS 


_ Composition _ 

Steel  Melting  Practice  C  V  MtT  V  m  N1  SI  ^  P 


1 

Air  melt,  .Ui 

std.  deox. 

— 

1.06 

— 

.050* 

1.98 

.13  .021  .013 

2A 

Air  melt  .U3 

C-Al  deox. 

— 

.9U 

— 

.050* 

1.83 

.01  .015  .013 

2B 

Air  melt,  .U? 

G-Al  deox. 

— 

1.12 

— 

.050* 

2.25 

.01  .016  .013 

3 

Air  melt,  C-Al  .Ui 

deox.  with  0.30^ 

Si  addition  before 

A1  killing 

l.Oli 

.050* 

1.98 

.32  .021  .013 

U 

Air  melt,  C-Al  .55 

deox.  with  0.30$S 

Si  addition  after 

A1  killing 

1.12 

.050* 

2.09 

.27  .015  .012 

J 

Vacuum-arc  ronelt-  .50 
ing  of  condition  2 

1.07 

mmrn 

.050*^ 

2.0U 

.02  .020  .012 

H 

Vacuum-induction  .52 
remelting  of  con¬ 
dition  2 

•• 

1.0k 

.050* 

2.04 

o 

• 

• 

CVJ 

O 

• 

R7C 

Vacuum-arc  melt-  .52 

— 

1.0k 

.. 

.050* 

2.12 

.02  .010  .005 

ing  of  high  purity 
raw  materials 

DU 

Air  melt,  with 
iron  oxide  and 
ferrosllloon 
additions 

.9k 

.050* 

1.95 

.73  .022  .012 

DlOB 

Air  melt,  C-Al  .52 

deox. 

1.96 

1.08 

.Ii5 

.96 

— 

.07  .028  .OlU 

*  Nominal  addition 

Cb  is  present  in  steel  DlOB  at  a  0.10^  l<nrel 
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TABLE  II 


FRELIMlKARr  SHEET  TEHSUB  PROPERTIES 
OF  NICKEL-MOLYBDOnm  STEEL 


Tendering 

Temp. 

UTS, 

IS, 

ELong, 

Hardness, 

•F 

ksi 

ksi 

% 

Rc 

h$0 

319 

27h 

h 

55 

$50 

281 

250 

5 

53 

Compositlont  C  0.^7>  Hi  2.10,  Mo 
Austenitizing  temperature!  ‘l52S*F 


TABLE  III 


FATIGUE  BAR  TENSILE  DATA 


Steel 

Tempering 

Tenq>. 

•F 

UTS, 

ksi 

KLong,* 

% 

Hardne: 

Rc 

1 

1:50 

282 

9.0-11.0 

52 

2A 

U50 

271: 

9.0-11.0 

52 

2A 

1000 

200 

15.0 

Ul 

2B 

1:75 

280 

8.0 

52-53 

3 

1:50 

302 

7.0-9.0 

53 

U 

500 

303 

7.0 

53 

J 

1:75 

300 

7.0-9.0 

53-51: 

H 

500 

276 

10.0 

52 

R7C 

1:75 

280 

10.0-11.0 

53 

DU 

550  +  600 

298 

7.0 

53 

DlOB 

1050 

282 

6.0 

5U 

DlOB 

1225 

238 

5.O-6.O 

1:8 

Elongations  were  determined  over  a  1  in.  gage  length. 

All  tempering  times  were  1  hr. 

All  data  were  obtained  on  unnotched  specimens. 

Austenizing  temperatures:  DlOB  2050*F;  all  other 
steels  1525 *F. 
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TABLE  17 


ROOM-TSfPSlATaRB  TfUSILE  DATA  FOR  STESE2  S-6  AND  S-8 


Aosteni tiling 

T  60Dp  • 

•F 

TeBqpering 

Tenp. 

•F 

UTS, 

ksi 

IS, 

ksi 

ELong. , 
% 

1950 

1050 

steel  S*6 

297 

28U 

ii.5 

1950 

1050 

297 

282 

li.O 

1950 

1150 

28U 

279 

U.O 

1950 

1150 

2Sk 

278 

i*.5 

2050 

1050 

306 

289 

2050 

1050 

30U 

28U 

2.0 

2050 

1150 

297 

287 

1.5 

1950 

1050 

Steel  S-^ 

291 

273 

5.5 

1950 

1050 

289 

271 

1*.5 

1950 

1150 

28U 

278 

U.o 

1950 

1150 

28h 

271* 

li.O 

2050 

1050 

297 

27h 

3.0 

2050 

1050 

297 

278 

3.0 

2050 

1150 

297 

286 

2.0 

2050 

1150 

297 

236 

1.5 

All  san^les  were 

tenpered  for  1 

♦  1  hours. 

Coaqpositlon: 

Steel 

C 

Mn 

W 

Mo 

7 

S-6 

0.73 

0.7U 

l.Ui 

0.95 

0.57 

S— 8 

0.62 

0.68 

1.57 

1.16 

0.1i8 

I 
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TABLE  V 


elevated  TQfPEZlATURE  TOISILE  DATA 
FOR  STEELS  S-6  AND  S-8 


Test 

Tei^.) 

•F 

Austenitizing 

Tenp., 

•F 

Tendering 

Tee^}., 

•F 

UTS, 

ksi 

IS, 

ksi 

ELong., 

% 

Steel  S-6 


700 

2050 

1050 

2U3 

207 

13.5 

1150 

230 

205 

9.5 

2200 

1050 

250 

211 

2.5 

1150 

237 

205 

5.5 

900 

2050 

1050 

216 

185 

11.0 

1150 

198 

178 

10.0 

2200 

1050 

215 

196 

« 

1150 

217** 

203** 

5.0 

Steel  S-8 


700 

2050 

1050 

2Ul 

213 

12.5 

1150 

23U 

201* 

11.5 

2200 

1050 

21*9 

201* 

6.5 

1150 

238 

210 

l*.o 

900 

2050 

1050 

212 

199 

9.0 

1150 

196 

172 

10.5 

2200 

1050 

220 

193 

3.5 

1150 

210 

187 

1*.0 

Fractured  in  threads 
Tested  at  approximately  825*F 

IS  values  were  based  on  0*2  per  cent  offset*  Elongations  were 
measured  over  a  1  In.  gage  length. 
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TABUS  71 


900*F  STRESS-HJPTURE  DATA  FOR  STEEIS  S-6  AND  S-8 


Streesy 

Time  to  Rupture y  hr 

kel 

Steel  Steel  S*^ 

200 

0.U5 

l.liO 

175 

1.10 

I.UO 

150 

5.50 

16.50* 

130 

38.10* 

33.50* 

120 

15.90* 

29.70* 

Fractured  in  threads. 

All  spectmene  were  oil  quenched  from  20B0*F 
and  tespered  at  1050*F  for  1  1  hr. 
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TABIE  VII 


SUmARY  OF  FATIGUE  DATA 


Tenuring 

E yte 

or  /UTS 

pn 

Teiq>.}  UTS, 

Steel  ‘F  ksi 

s  , 
til 

2S 

k.S”' 

Elong. 

% 

1 

hSO 

282 

12h 

.UUo 

9.0-11.0 

2A 

hSO 

27U 

137 

— 

.500 

9.0-11.0 

2A 

1000 

200 

111 

— 

15.0 

2B 

hlS 

280 

— 

127 

.h5U 

8.0 

3 

U50 

302 

99.1 

— 

.328 

7. 0-9.0 

U 

500 

303 

131 

.ii32 

7.0 

J 

U75 

300 

116 

— 

.387 

7. 0-9.0 

H 

500 

276 

9U.0 

— 

.3lil 

10.0 

RVC 

U75 

280 

119 

~ 

.U25 

10.0-11.0 

DU 

550  ♦  600 

298 

120 

“ 

.U03 

7.0 

DU 

550  ♦  600 

298 

— 

127 

.U26 

7.0 

DlOB 

1050 

282 

~ 

132 

.U68 

6.0 

DlOB 

1225 

238 

— 

117 

.h92 

5. 0-6.0 

All  UTS  and  along,  values  were  determined  on  unnotcned  specimens. 
All  tempering  times  were  1  hr. 
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TABIE  VIII 


NOTCHH)  AXIAL  FATIGUE  DATA 


Speelnen 

No. 


Stress^ 

ksi 


Cycles 


1-U 

50.0 

12,082,500 

1-33 

52.5 

11,760,300  NF 

1-15 

53.75 

70,100 

1-12 

55.0 

16U,700 

1-18 

55.0 

73,100 

1-16 

55.0 

13,000 

1-17 

57.5 

30,600 

1-10 

60.0 

38,000 

1-lU 

62.5 

32,200 

2B-lli 

U5.0 

205,600 

2B-11 

U7.5 

12,080,300  NF 

2B-16 

1*8.75 

7,558,600 

2B-17 

50.0 

1,1*02,200 

2B-15 

52.5 

291,300 

2B-18 

55.0 

1*6,500 

2B-10 

57.5 

71,700 

2B-12 

60.0 

27,800 

NF-no  failure 
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TABIE  H 


ONNOTCHED  AXIAL  FATIGUE  DATA 


Specimen 

No. 

Stress, 

ksi 

Cycles 

1-3 

105.0 

12,331,700  NF 

1-5 

107.5 

1,058,100 

1-6 

110.0 

1,595, UOO 

1-9 

112.5 

18,200 

1-U 

112.5 

12,U69,200  NF 

1-1 

115.0 

78,200 

1-7 

117.5 

1*71,300 

1-2 

120.0 

8,700 

2B-8 

110.0 

l,666,UOO 

2B-3 

111.25 

207,900 

2B-1 

111.25 

166,^00 

2B-7 

112.5 

137,100 

2B-li 

115.0 

366,200 

2B-6 

117.5 

68,100 

2B-9 

120.0 

275,000 

2B-2 

122.5 

137,100 

NF-no  failure 


23 


TABLE  X 


MELTING  PRACTICE  RANKS)  BY  FATIGUE  STRENGTH 
AT  SIMILAR  OTS  LE7EIS 


Steel 

Melting  Practice 

%)/0TS 

2A 

Air  melt*  C-Al  deox. 

.500 

2B 

Air  melt,  C-Al  deox. 

,U$h* 

1 

Air  melt,  std  deox. 

•itiiO 

h 

Air  melt,  C-Al  deox.  with  0.30^  Si 
addition  after  A1  killing 

.1*32 

DU 

Air  melt,  with  iron  oxide  and 
ferrosilicon  additions 

.1*26* 

HVC 

Vacuum  arc  melting  of  pure  raw 
materials 

.1*25 

DO 

Air  melt,  with  iron  oxide  and 
ferrosilicon  additions 

.1*03 

J 

Vacuum  arc  remelting  of  C-Al  deox. 

.387 

H 

Vacuum  induction  remelting  of 

C-Al  deox. 

.31*1 

3 

Air  melt,  C-Al  deox.  with  0.30$(  Si 
addition 

.328 

*  2E^n/tn'S 

value 

UTS  range  27U  to  303  ksij  tempering  range  hSO*  to  600*F. 


2h 


TABLE  XI 


NOTCHED  PROPERTIES  OF  NICKEL-MOLYmBraM  STEH£ 


Steel 

Condition 

Teiq>erlng 

Taoq)., 

•P 

UTS, 

%> 

ksi 

2^n» 

kal 

%>/AJTS  or 
2^i^OTS 

2WS> 

2A 

Unnotched 

U50 

27il 

137 

MM 

.500 

.907 

2B 

Notched 

U75 

280 

— 

127 

.li5U 

DU 

Unnotched 

550  ♦  600 

298 

120 

~ 

.ii03 

1  ntJA 

DO 

Notched 

550  +  600 

298 

MM 

127 

.U26 

25 


TABLE  XII 


NOTCHH)  PROPERTIES  (F  TUNGSTQI-MOLTBDHVUM  STBEIB 


Steel* 

Tea^ring 

Ten^)., 

•F 

UTS, 

ksi 

kei 

2%)n» 

ksi 

Ep/UTS  or 
2%my^ 

2B^)n/%) 

DIO 

1225 

235 

iia 

— 

.600 

.830 

DlOB 

1225 

238 

— 

117 

.U92 

DlOB 

1050 

282 

~ 

332 

.li68 

Composition: 

C 

V 

Mo 

V 

Mn 

DIO  + 

.1:5 

1.91 

1.02 

.Uli 

.81 

D10B*+ 

.52 

1.96 

1.08 

.1:5 

.96 

Unnotchel  specimens  from  previous  program 
Notched  specimens  from  current  program 
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TABIE  XIII 


STAIIDARD  DEVIATION  OJ-'  PROT  FRACTURE  STRESS  DATA 


Steel 

Specimen 

Type 

Tempering 
Teii7)erature 
(1  ♦  1  hr), 

•F 

Standard  Deviation  of 
Prot  Fracture  Stress,  ksl 

Low  Rate 

High  Rate 

1 

smooth 

ISO 

10.9 

ll.U 

2k 

smooth 

ISO 

12.6 

7.7 

2k 

smooth 

1000 

l*.l 

U.7 

3 

smooth 

ISO 

19.3 

11*. 5 

U 

smooth 

500 

16, U 

2i*.8 

J 

smooth 

1*75 

7.3 

10.1* 

H 

smooth 

500 

12.3 

10,3 

RVC 

smooth 

hlS 

11.0 

3.6 

DU 

smooth 

SSO  +  600 

11.6 

5.3 

2B 

notched 

1*75 

U.3 

2.9 

DU 

notched 

550  +  600 

l.b 

1.7 

DlOB 

notched 

1050 

3.2 

2.9 

DlOB 

notched 

1225 

3.6 

1.7 
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POLISH  LONGITUDINALLY  -  ROUGHNESS  NOT  TO  EXCEED 

5  MICRO  INCH  RMS 


STANDARD  R.R. MOORE  SPECIMEN 


0.200 


1/2  R 


ALL  OTHER  DIMENSIONS  AND  DETAILS  AS 
PER  STANDARD  SPECIMEN  SHOWN  ABOVE 


CYLINDRICAL  R.R.  MOORE  SPECIMEN  DETAIL 


0.012  R  AT  NOTCH  ROOT 
NOTCH  TO  BE  POLISHED 


NOTE;  CONCENTRICITY  WITHIN  0.002  FOR  ALL  SPECIMENS 

NOTCHED  SPECIMEN  DETAIL 

FIG.  I  R.R.  MOORE  ROTATING  BEAM  FATIGUE  SPECIMENS. 
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FIG.  2  STRESS-RUPTURE  DIAGRAM  FOR  STEELS  S6  AND  S8 


FRACTURE  STRESS,  KSI 


160 


150 


140 


I30F 


120 


I  I  0 


100 


90 


80 


70 


60 


50 


NO.  ALLOY 

1  1  (450*  F  TEMPER ) 

2  2A  (450“F) 

3  2A  (  1000“  F  ) 

4  2B  NOTCHED  (475" F  ) 

5  3(450"F) 

6  4(500"F) 

7  J  (475"F) 

8  H{500*F) 

9  RVC  (475"F ) 

10  DU  (550"  +  600"F) 

11  DU  NOTCHED  (550"  +  600"F  ) 

12  DlOB  NOTCHED  (I050"F) 

13  DlOB  NOTCHED  (I225"F) 


0.1 


0.2 


0.3 


0.4 


SQUARE  ROOT  OF  LOADING  RATE.  (PSI/ CYCLE) 


1/2 


FIG.  3  SUMMARY  OF  FATIGUE  DATA. 

0 


0. 


3i 


,600  h  ^  A  H300 
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FIG. 


5001 


500X 


Figure  7 


Figure  8 


Steel  3  at  High  Magnification.  Air  Ste^  U  at  High  Magnification. 

Melt)  C-Al  Deoxidation  with  0«30^  Si  Air  Melt,  C-Al  Deoxidation  with 

Addition.  Si  Addition  after  A1  Killing. 
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^GK 

Figure  9 

Steel  J  at  Hl^  Magnification. 
Vacuum  Arc  Remelting  of  Alloy 
2A  Type. 


5001 

Figure  11 


Steel  KVC  at  Hl^  Magnification. 
Vacuum  Arc  Melting  of  Pure  Ram 
Materials . 


5001 

Figure  10 

Steel  B  at  High  Magnification. 
Vacuum  Induction  Ronelting  of 
Alloy  2A  Type. 


500X 

Figure  12 


Steel  DU  at  Hi^  Magnification. 
Air  Melt  with  Iron  Oxide  and 
Ferrosilicon  Additions. 


500X 


Figure  13 

Steel  DlOB  at  High  Magnification* 
Melt,  C**A1  Deoxidation. 


3h 


Air 


$ox 

501 

Figure  lU 

Figure  l5 

Steel  ly  Air  Melty  Standard 

StedL  2Ay  Air  Melt,  C>A1  Deoxida< 

Deoxidation. 

tion. 

Figure  16 

Sted  3}  Air  Malty  C-Al  Deoxidation 
with  0.30^  Si  Addition* 


Figure  17 

Steel  h.  Air  Melt,  C-Al  Deoxidation 
with  0*03^  Si  Addition  after  A1 
Killing. 


5' 


ox 

Figure  18 

Steel  J,  Vacuum  Arc  Remeltlng  of 
Alloy  2A  Type. 


501 

Figure  19 

Steel  Vacuum  Induction  Remelt¬ 
ing  of  Alloy  2A  Type* 


Steel  RFC,  Vacuum  Arc  Melting  of  Steel  DU,  Air  Melt  with  Iron  Oxide 

Pure  Raw  Materials.  and  Ferrosilicon  Additions. 


50QX 

Figure  23 

Steel  DIO  at  Hl^  Magnification. 
Air  Melt.  C-Al  Deoxidation. 


501 

Figure  2h 

Steel  DIO,  Air  Melt,  C-Al  Deoxidation. 


Appamn  i 

DETAILS)  PROr  TESTING  DATA 


A 
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TABLE  XIV 


PATIOOB  DATA,  STEEL  1,  U50*P  TOff® 


Specimen 

No. 

Rate  (a), 
psl/cycle 

Eat. 

(a)  V2 

Failure  Stresa, 
ksl 

High  Rate 


1-6 

.159 

.399 

138 

1-15 

.120 

.3U6 

132.5 

1-10 

.116 

•3h0 

128.5 

1-8 

.115 

.37U 

liiO 

1-U 

.1^6 

.395 

156.5 

1-3 

.157 

.396 

125 

1-11 

.156 

.395 

138 

1-20 

.155 

.39U 

160.5 

1-18 

.158 

.397 

U8 

Average 

.382 

mo.8 

Low  Rate 


1-lli 

.011*3 

.119 

11*9.5 

1-16 

.OHil 

.119 

109 

1-7 

.0098 

.099 

127.5 

1-^ 

.0085 

.092 

122 

1-1 

.0125 

.112 

138 

1-19 

.0123 

.110 

133 

1-12 

.0182 

.135 

125 

1-2 

.0182 

.135 

131 

1-lli 

.0122 

.110 

120 

Average 

.115 

128.6 

UO 


TABLE  17 


FATIOTB  DATA,  STEEL  2A,  hSOf  TBfPHl 


Spacinen 

No. 


Rate  (a), 
pel/ cycle 


Rate  1/2  Failure  Streee, 

(a)  1/2  kei 


High  Rate 


2A-10 

.152 

.389 

11*9.5 

2A-19 

.11*8 

.385 

11*9.5 

2A>8 

.11*5 

.381 

163 

2A-5 

.11*5 

.381 

161* 

2A-3 

.11*5 

.381 

156.5 

2A-lli 

.11*6 

.382 

167 

2A-1 

.11*5 

.381 

163 

2A-18 

.152 

.390 

11*5 

2A-17 

.11*8 

.385 

11*9 

Average 

.38U 

156.3 

Low  Rate 


2A-16 

.011*1 

.119 

118.5 

2A-7 

.0139 

.118 

159 

2A-6 

.0139 

.118 

132.5 

2A-15 

.011*0 

.118 

161* 

2A-11 

.0121 

.110 

11*6 

2A-13 

.0131 

.111* 

11*1 

2A-9 

.0116 

.108 

11*3 

2A-12 

.0105 

.102 

11*1 

2A-1* 

.0117 

.108 

ll*0 

Average 

.113 

11*2.8 

TABLE  171 


FATIOUE  DATA,  STBEL  2A,  lOOO'F  TEMP® 


Specimen 

No. 

Rate  (a) , 
pel/cycle 

Rate 
(a)  V2 

Failure  Streep 
ksi 

Hijh  Rate 

2A-21 

.155 

.391* 

127 

2A-2U 

.130 

.360 

127.5 

2A-29 

.lJi3 

.378 

127 

2A-28 

.1U7 

.383 

126 

2A-25 

.13U 

.366 

121 

2A-36 

.336 

.367 

129 

2A-27 

.155 

.391* 

116 

2A-38 

.121 

.31*8 

116 

2A-23 

.331 

.362 

125 

Arerage 

.372 

123.8 

Low  Rate 

2A-37 

.0138 

.117 

115 

2A-22 

.0135 

.116 

120 

2A-3U 

.011*0 

.118 

106 

2A-36 

.0105 

.102 

lli* 

2A-32 

.0116 

.107 

133 

2A-35 

.0113 

.106 

lll*.5 

2A-33 

.0133 

.106 

120 

2A-26 

.0102 

.101 

120 

2A-39 

.0116 

.108 

113 

2A-31 

,0116 

.108 

133 

Average 

.109 

13i*.8 

U2 


TABLE  X7II 


FATIGUE  DATA,  STEEL  2B  NOTCHED,  li75*F  TEMPER 


Specimen 

No. 

Rate  (a), 
psi/cycle 

Rate  1/^ 

(c)  1/2 

Failure  Stress, 
ksi 

Hi^  Rate 


2B-2 

.137 

.370 

72.5 

2B-17 

.11*8 

.381* 

7l*.U 

2B-20 

.190 

.387 

76.0 

2B-11 

.11*8 

.381* 

68.5 

2B-19 

.11*7 

.383 

73.0 

2B-5 

.150 

.387 

73.0 

2B-3 

.150 

•387 

7l*.5 

2B-U 

.11*6 

.382 

71.5 

2B-9 

11*9 

.386 

79.0 

2B-7 

.151 

.389 

78.5 

Average 

.381* 

7l*.0 

Low  Rate 

2B-18 

.0116 

.108 

51*. 5 

2B-1 

.0127 

.113 

68.0 

2B-10 

.0122 

.110 

69.0 

2B~12 

.0125 

.112 

66.0 

2B-8 

.0125 

.112 

69.5 

2B-6 

.0131* 

.116 

69.0 

2B-16 

.0116 

.108 

69.5 

2B-13 

.0117 

.108 

66.0 

2B-15 

.0115 

.107 

69.5 

2B-1U 

.0123 

.111 

65.0 

Average 

.111 

66.6 

1*3 


TABLE  X7III 


FATIQUE  DATA,  STEEL  3,  it50*F  TOIPBR 


Specimen 

No. 

Rate  (a), 
psl/cycle 

Rate  1/2 
(a)  1/2 

Failure  Stress, 
ksi 

High  Rate 

3-7 

.152 

.390 

16U 

3-6 

.115 

.339 

lli6 

3-11 

.156 

.395 

135.5 

3-15 

.156 

.395 

11a5 

3-17 

.156 

.395 

13U 

3-20 

.157 

.396 

135 

3-8 

.156 

.395 

115 

3-19 

.155 

.39li 

123 

3-12 

.153 

.392 

118 

Average 

.388 

135.0 

Low  Rate 

3-18 

.0119 

.109 

112 

3-6 

.0160 

.108 

117 

3-7 

.0165 

.128 

119 

3-3 

.0127 

.113 

111 

3-13 

.0120 

.109 

77 

3-16 

.0117 

.108 

78 

3-5 

.0338 

.117 

119 

3-U 

.0lU2 

.119 

102 

3-10 

.0lU5 

.120 

129.5 

3-11 

.0U;8 

.122 

lUl.5 

Average 

.115 

110.6 

Uh 


TABLE  m 


FATIGUE  DATA,  STEEL  h,  500*F  TfllPER 


Specimen 

No. 

Rate  (a), 
psi/cycle 

Rate  1/2 

(a)  1/2 

Failure  Stress, 
ksi 

.150 

High  Rate 

.387 

175.5 

14-11; 

.150 

.387 

108.5 

U-3 

.II46 

.382 

165 

U“6 

.159 

.398 

131 

14-12 

.157 

.397 

171 

14-17 

.157 

.397 

123 

Average 

.391 

II45.7 

Low  Rate 


I4-IO 

.0123 

.111 

I4-9 

.0158 

.126 

I4-8 

.OII4O 

.118 

li-7 

.0337 

.117 

I4-13 

.OII42 

.119 

I4-19 

.OII48 

.122 

I4-I8 

.0136 

.117 

liiS 

125.5 
115 
167 
127 

127.5 


.119 


335.3 


Average 


TABLE  XZ 


FATIQOB  DATA,  STEEL  J,  U75“P  TEMPER 


Specimen 

No. 

Rate  (a) , 
psi/cycle 

Rata 
(a)  1/2 

Failure  Stress, 
ksi 

High  Rate 

J-8 

.1U9 

.386 

125.5 

J-17 

.1U9 

.386 

127.5 

J-X3 

.lli8 

.385 

153.5 

.lli6 

.382 

137 

J-9 

.155 

.391* 

136 

J-l$ 

.155 

.391* 

11*6.5 

J-3 

.15U 

.392 

115 

j-5 

.155 

.391* 

11*1 

J-12 

.153 

.391 

137 

Average 

.389 

135. U 

Low  Rate 

J-1 

.011*9 

.122 

118 

J-lU 

.OlU6 

.121 

119 

J-7 

.0123 

.111 

118.5 

J-16 

.0152 

.123 

107 

J-U 

.OlUO 

.118 

12U.5 

J-6 

.0122 

.110 

122 

J-18 

.0151 

.123 

133 

J-10 

.011*3 

.119 

116.5 

J-19 

.0121 

.110 

128 

J-2 

.0159 

.126 

131 

Avera 

ge 

.118 

121.7 

Average 


TABLE  m 


FATIGUE  DATA,  STEEL  H,  500"F  TaiPSl 


Specimen 

No. 


Rate  (o),  Rate  Failure  Stress, 

psi/cycle  (a)  1/2  ksi 


High  Rate 


H-18 

.lU? 

.386 

15U 

H-1 

.I]i2 

.377 

138.5 

H-5 

.158 

.397 

lli5 

H-7 

.158 

.397 

llil.5 

H-10 

.158 

.397 

120 

H-lli 

.158 

.397 

129 

H-13 

.159 

.399 

130 

H-2 

.158 

.397 

U5 

Average 

.393 

137.8 

Low  Rate 


H-12 

.01U2 

.119 

103 

H-8 

.0U7 

.121 

92 

H-9 

.0135 

.116 

105 

H-17 

.01U8 

.122 

121 

H-3 

.0132 

.115 

115 

H-11 

.01U8 

.122 

lOU 

H-15 

.0139 

.118 

129 

H-16 

.01h2 

.119 

89 

Average 

.119 

107 

U7 


TABLE  nil 


FATIOBE  DATA,  STEEL  RFC,  1*75 "F  TBtPHl 


Specimen 

No. 

Rate  (a) , 
psi/cycle 

Rat.  ^2 
(a)  V2 

Failure  Stress, 
ksi 

RVC-16 

.158 

High  Rate 

.397 

11*3 

RFC-3 

.158 

.397 

151 

RFC-9 

.158 

.397 

11*6 

RFC-11 

.161 

.1*01 

11*8 

RFC-6 

.156 

.391* 

151 

RFC-15 

.157 

.396 

151 

RFC-10 

.159 

.399 

155 

Average 

.397 

11*9.3 

RFC-5 

.0129 

Low  Rate 

.113 

10l*.5 

RFC-13 

.0136 

.116 

iia 

RFC-2 

.0158 

.125 

121* 

RFC-7 

.0137 

.117 

125 

RFC-J* 

.0137 

.117 

136 

RFC-8 

.0129 

.123 

136 

RFC-1 

.0133 

.115 

122 

RVC-17 

.0132 

.115 

136 

Average 

.116 

128.1 

1*8 


TABLE  XXIII 


FATIGUE  DATA,  STEEL  DO,  550*  ♦  600*F  TEUPHl 


Specimen 

No. 

Rate  (a) , 
psi/cycle 

Rate  1/2 
(a)  1/2 

Failure  Stress, 
kel 

DU-5 

.11^7 

High  Rate 

.383 

lUU 

DU-7 

.160 

.liOO 

156.5 

DU-9 

.160 

.Uoo 

1U7.5 

DU-6 

.158 

.397 

151.5 

DU-lli 

.158 

.397 

15U 

DU-16 

.160 

.Uoo 

155 

DU-12 

.161 

.UOl 

160 

DU-15 

.lltO 

.37U 

160 

Average 

.39U 

153.5 

DU-11 

.016L 

Low  Rate 

.128 

no 

DU-U 

.0136 

.117 

151 

DU-13 

.0lli2 

.119 

lUl.5 

DU -8 

.0160 

.126 

131 

DU-1 

.0160 

.126 

128.5 

DU-3 

.0160 

.126 

132.5 

DU-10 

.0153 

.129 

119 

DU-17 

.0113 

.119 

123.5 

DU-2 

.01U3 

.119 

139 

Average 

.123 

130.7 

h9 


TABLE  XXIV 


FATIOUE  DATA,  STEEL  DU  NOTCHED,  550*  +  600“F  TBIPHI 


Specimen 

No. 

Rate  (a), 
psi/ cycle 

Rat.  yZ 
(a) 

Failure  Stress, 
ksi 

Hi^  Rate 


DU-23 

.162 

.U02 

79 

DU-29 

.161 

.Uoi 

82.5 

DU -21 

.163 

.UoU 

79 

DU-33 

.159 

.399 

83.5 

DU-2U 

.150 

.387 

82 

DU-31 

.158 

.397 

82 

DU-18 

.158 

.397 

83 

Average 

.39U 

81.6 

Low  Rate 


DU-22 

.0167 

.129 

70.5 

DU-27 

.0339 

.118 

65 

DU-25 

.Oliil 

.119 

72 

DU-19 

.0132 

.115 

67.5 

DU -3  2 

.0137 

.118 

68 

DU -26 

.OI2I4 

.111 

68 

DU-20 

.01142 

.119 

68 

DU -30 

.OlUl 

.119 

71 

Average 

.119 

68.8 

50 


TABLE  XXV 


FATIGUE  DATA,  STEEL  DlOB  NOTCHED,  1050*F  TEMPER 


Specimen 

No. 

Rate  (a), 
psi/cycle 

Rate  l/2 
(a)  1/2 

Failure  Stress, 
ksl 

Hl^  Rate 

DB-2 

.110 

.332 

81 

DB-12 

.138 

.371 

81.5 

DB-11 

.153 

.391 

78 

DB-16 

.150 

.387 

87 

DB-3 

.1U5 

.381 

85 

DB-ii 

.lli8 

.385 

79 

DB-17 

.IhU 

.379 

78.5 

DB-18 

.116 

.382 

81 

Average 

.376 

81. U 

Low  Rate 

DU-15 

.Ollit 

.107 

7h 

DU-1 

.0123 

.111 

76 

DU-6 

.0120 

.109 

66 

DU-5 

.0128 

.113 

68.5 

DU-7 

.0123 

.111 

71 

DU-lii 

.0122 

.110 

71.5 

DU-13 

.0317 

.108 

68.5 

EU-IO 

.0123 

.111 

72 

DU -9 

.0120 

.109 

68 

DU-8 

.0121 

.111 

73 

DU-19 

.0118 

.109 

68.5 

Average 

.110 

70.6 

51 


TABLE  XX7I 


FATIGUE  DATA,  STEEL  DlOB  NOTCHED,  1225 *?  TBUPSl 


Specimen 

No. 

Rate  (a) , 
psi/cycle 

Failure  Stress, 
ksl 

High  Rate 


DB-lO 

.155 

.39li 

77 

DB-27 

.153 

.391 

75.5 

DB-38 

.153 

.391 

75.5 

DB-26 

.lU5 

.380 

73 

DB-3ii 

.128 

.357 

7li.5 

DB-22 

.U8 

.385 

76 

DB-23 

.lii2 

.377 

78 

DB-35 

.135 

.367 

7U 

DB-25 

.1U8 

.385 

76 

DB-2li 

.m5 

.380 

79 

Average 

.381 

75.8 

Low  Rate 


DB-39 

.0120 

.109 

67 

DB-37 

.0126 

.112 

57 

DB-36 

.0108 

.lOU 

58 

DB-21 

.0122 

.110 

62 

DB-33 

.0120 

.109 

6U 

DB-32 

.0117 

.108 

67 

DB-31 

.0116 

.108 

67.5 

DB-30 

.0125 

.112 

65 

DB-28 

.0125 

.112 

63 

Average 

.109 

63. U 

52 
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80 


Ol _ ^ _ I _ I _ \ _ I 

0  0.1  0.2  0.3  0.4  0.5 

SQUARE  ROOT  OF  LOADING  RATE,  (  P  S  I  /  C  YC  L  E  )  ' 


FIG. 26  ROTATING  BEAM  PROT  DIAGRAM 
ALLOY  2A. 450®  F  TEMPER. 
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FRACT 


SQUARE  ROOT  OF  LOADING  RATE,  (  PSI  /CYCLE  ) 


FIG. 28  ROTATING  BEAM  PROT  DIAGRAM 
ALLOY  2B  NOTCHED. 

475®  F  TEMPER. 


u.  100 


80 

ol _ I _ I _ L_ 

0  0.1  0.2  0.3 

SQUARE  ROOT  OF  LOADING  RATE.  ( 


0.4 

PS  I  / CYCLE  ) 


FIG. 29  ROTATING  BEAM  PROT  DIAGRAM 
ALLOY  3,  450®  F  TEMPER. 


FRACTURE  STRESS,  KSI 


160 


FIG. 31  ROTATING  BEAM  PROT  DIAGRAM. 
ALLOY  J,  475"  F  TEMPER. 
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FRACTURE  STRESS,  KSI 


SQUARE  ROOT  OF  LOADING  RATE,  (  PS  I  /  CYCLE  ) 


FIG.33  ROTATING  BEAM  PROT  DIAGRAM. 
ALLOY  RVC,  475®F  TEMPER. 
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FIG.  34  ROTATING  BEAM  PROT  DIAGRAM. 

ALLOY  DU.  550*+  600*  F  TEMPER. 


SQUARE  ROOT  OF  LOADING  RATE,  I  PS  I  /  CYCLE  ) 


FIG. 35  ROTATING  BEAM  PROT  DIAGRAM. 
ALLOY  DU  NOTCHED, 

550®  +  600®  F  TEMPER. 
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0  0.1  0.2  0.3  0.4  0.5 

SQUARE  ROOT  Ul  LOADING  RATE,  (  PS  I  /  CYCLE  ) 

FIG. 36  ROTATING  BEAM  PROT  DIAGRAM. 
ALLOY  D  10  B  NOTCHED, 

1050*  F  TEMPER. 
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0.1  0.2  0.3  0.4  0.5 

SQUARE  ROOT  OF  LOADING  RATE,  (  P  S  I  /  C  YC  L  E  )  ' 


FIG.  37  ROTATING  BEAM  PROT  DIAGRAM. 
ALLOY  0  10  B  NOTCHED. 

1225*  F  TEMPER. 
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